Abstract. The presented approach describes a model for a rule-based expert system calculating the temporal variability of the release of wet snow avalanches, using the assumption of avalanche triggering without the loading of new snow. The knowledge base of the model is created by using investigations on the system behaviour of wet snow avalanches in the Italian Ortles Alps, and is represented by a fuzzy logic rule-base. Input parameters of the expert system are numerical and linguistic variables, measurable meteorological and topographical factors and observable characteristics of the snow cover. Output of the inference method is the quantified release disposition for wet snow avalanches. Combining topographical parameters and the spatial interpolation of the calculated release disposition a hazard index map is dynamically generated. Furthermore, the spatial and temporal variability of damage potential on roads exposed to wet snow avalanches can be quantified, expressed by the number of persons at risk. The application of the rule base to the available data in the study area generated plausible results. The study demonstrates the potential for the application of expert systems and fuzzy logic in the field of natural hazard monitoring and risk management.
Introduction
Snow avalanches pose a threat to settlements, infrastructure and road networks in alpine environments. In contrast to dry snow and powder avalanches, the movement of wet snow avalanches is characterised by lower velocities combined with high friction coefficients. Thus, wet snow avalanches do not threat significantly settlements or infrastructures located in the valleys but traffic axes in the alpine environCorrespondence to: A. Zischg (a.zischg@geo-im.com) ments, often following the contour lines of hill slopes or crossing avalanche paths in their transition zones. Therefore, avalanches of this type pose a significant threat to road users. To reduce this susceptibility of roads to avalanche hazards, a considerable amount of money has been spent by the public sector to realise technical mitigation measures. As a result, part of the alpine road network is protected by avalanche galleries or has to be permanently or temporarily closed during the winter months, although the road network is endangered only a few days every year. Additionally, limited financial resources of the public sector and the increasing significance of the road network for the local economic activities, an efficient and sustainable policy of public expenditures for protection against natural hazards is needed (Wilhelm, 1997; Margreth et al., 2003) . The construction of permanent mitigation measures for the road network would produce very high costs. Consequently, an improvement of organisational measures, lead by an enhancement of early warning and decision support systems (Kienholz, 2003; UN/ISDR, 2004; Bründl et al., 2004) , is necessary. Organisational measures like temporary road closures require a well-informed decision maker with profound knowledge of the observed environmental system, the related indicators of critical situations, the related risks and the criteria for raising alarms (Kienholz, 2003) . Additionally, during moderate avalanche hazard levels considerable risk peaks occur due to a high traffic density, as pointed out by Zischg et al. (2005) . Following the suggestions of that study, the decision process in operational risk management on roads can be enhanced taking into consideration the temporal variability of both, the avalanche hazard potential and the damage potential by computing the avalanche risk in a short-term timeframe.
The aim of this study was to develop an expert system for modelling the system behaviour of wet snow avalanches and determining the number of potentially affected persons on 822 A. Zischg et al.: Monitoring of wet snow avalanche risk on roads roads, based on the observation of the environmental conditions and the traffic density.
Apart from expert systems, either information systems or decision support systems could be used to enhance experts' and decision makers' knowledge for road risk management (Sailer, 2001; Kienholz, 2003; Bründl et al., 2004) . While information systems provide raw data and information, decision support systems provide purpose-built and prepared information (Mittra, 1986; Sprague and Watson, 1986) . Whereas both system architectures provide different types of information about the system behaviour, they do not provide decisions. In contrast, expert systems simulate human reasoning about a problem domain, rather than simulating the domain itself (Jackson, 1999) . Expert systems perform reasoning over representation of human knowledge by heuristic or approximate methods. In this way, the computer programs are designed by crystallising the expert's problemsolving logic in a knowledge base that non-expert users or experts in other disciplines can then apply to similar problems with data related to those problems and their context (Rodriguez-Bachiller and Glasson, 2004) . As synonym for the term "expert system", the term "knowledge-based system" sometimes is used, although the latter is more general and usually do not include algorithmic or statistical methods (Jackson, 1999) . Fundamental topics in expert systems are the transfer and the transformation of potential problemsolving expertise from some knowledge source to a program, the representation of knowledge, the modelling of the reasoning process, and the explanation of the computed solutions (Jackson, 1999) . These topics determine the structure and the design of expert systems. The knowledge base is represented in the form of if-then rules. By a user interface or direct connections with measurement instruments, the needed data about the observed system can be inserted into an implemented database. Based on this input data, the rule base is queried by the inference engine. The inference engine identifies which rules provide values for the current environmental conditions and computes the final conclusion of all rules (Rodriguez-Bachiller and Glasson, 2004) .
One characteristic of expert systems is the explanation of the computed results of the inference procedure. It is the capacity of explaining why and how a particular conclusion is computed, simply detailing for the user the chain of conditions and the fulfilment of the applied rules. Another characteristic of expert systems is the separation between the knowledge involved in problem-solving and the knowledge involved in designing the inference engine (RodriguezBachiller and Glasson, 2004) . This separation leads to the possibility of amplification and enhancement of the rule base by the expert, independent from the version of the software. Therefore, the technique for transformation of the expert's knowledge into a rule base and the amplification of the rule base by the user, the so called "knowledge acquisition" or "knowledge engineering" becomes the fundamental step in building expert systems.
In the past decades, several expert systems for the application in avalanche forecasting and in operational risk management were developed. Bolognesi (1993) and Bolognesi et al. (1994) presented an expert system for the avalanche forecasting on a local scale (AVALOG), Schweizer and Föhn (1996) , Schweizer et al. (1994) and Brabec (2001) showed an approach for the avalanche forecasting on a regional scale (DAVOS, MODUL, NXD-REG). An expert system for the determination of avalanche release zones on the basis of digital terrain models was pointed out by Buisson and Charlier (1989) . Buisson and Charlier (1993) showed an approach for the analysis of the characteristics of avalanche paths (ELSA). An approach for the forecasting of the avalanche triggering probability (SAFRAN-CROCUS-MEPRA) was demonstrated by Buisson and Giraud (1995) and Durand et al. (1999) . Kleemayr et al. (2000) developed a numerical avalanche prediction model (NAFT) based on the combination of statistical analysis, artificial neural networks and a fuzzy-expert system. McClung (1995a, b) developed an expert system for the interpretation of snow profiles.
These approaches focused on the estimation of the avalanche hazard potential, particularly with respect to the triggering of dry snow slab avalanches. None of the cited studies focused either on the triggering probability of wet snow avalanches or on the related damage potential. Furthermore, the uncertainties in the computing process mostly are not taken into account. The study presented in this paper focussed on the determination and representation of the temporal variability of both risk factors, the hazard potential and the damage potential. In this work, the expected fatalities on roads due to wet snow avalanches were calculated based on the current environmental conditions (snow cover characteristics, snow and air temperature). The system behaviour of wet snow avalanches was modelled on the basis of the available data and the existing knowledge about this process. The uncertainties in the used modelling approach for the representation of the system behaviour were taken into consideration. The short-term variability analysis of the behaviour of the system "avalanche prone road" -expressed by the time-variable "avalanche related damage potential on roads" -requires the observation of the diurnal variability of the hazard potential and the damage potential.
The highly variable hazard potential of avalanches consists of three different phases characterised by the process (Zimmermann et al., 1997) . The phase "basic disposition" is the general long-term tendency or readiness for the geomorphologic process due to topography, vegetation and climate of the site. These conditions are considered as constant in the short-term timeframe (day). The phase "variable disposition" is the temporally alternating disposition for dangerous processes resulting from the seasonal and diurnal variability of meteorological parameters. The phase "variable disposition" varies within a timeframe of days or hours. The "triggering event" finally forms the strain to the system with a basic and high variable disposition for dangerous processes and might cause a release of the process. This process phase varies within a timeframe of a few hours or seconds. In forecasting dangerous processes, the consideration of these different process phases is important, because their indicators and parameters depend on the time delay before the triggering of the process. If the reaction time needed for the evacuation of endangered areas is half a day, the triggering event can not be considered because the environmental conditions related to this process phase change faster than the needed time for evacuation of potentially endangered areas. Thus, forecasting e.g. the release of wet snow avalanches one day before a triggering event, the daily variable release disposition has to be modelled. Because of rapidly changing environmental conditions related to the triggering event (hours or seconds), this process phase can not be considered in the considered timeframe (one day). In this study, it was aimed to model the daily variability of the process phase "variable disposition" for the release of wet snow avalanches as the basis of the estimation of the hazard potential.
The damage potential on road networks is defined by the number of potentially endangered persons and is subsequently derived from the traffic density, as outlined in Wilhelm (1997) and Borter (1999) . The daily traffic density, and, as a consequence, the variable damage potential, is subject to considerable variations, particularly in regions affected by tourism. The method for analysing risk in a short-term timeframe, as outlined in Zischg et al. (2005) , had to be adapted to the process characteristics of wet snow avalanches.
The method was developed and tested in the avalancheprone study area of the Sulden road between the municipalities of Prad and Sulden, Sulden Valley, Autonomous Province of Bozen, Italy (Fig. 1 ). This road serves as access road to the main ski area of the region and is therefore of particular importance for winter tourism. The road segment is 20 km long and is endangered by 22 avalanche paths which reached the road at least once during the 25 years of observation by the avalanche incident registry of the Autonomous Province of Bozen-South Tyrol. Due to the construction of permanent protection measures during the 1970s and 1980s, 17 avalanches in twelve paths remained perilous and threatened the road in 2004 (Fig. 1) .
Method
The procedure of modelling the behaviour of the system "wet snow avalanche prone road" is based on three modules: The first module computes the variable disposition for the release of wet snow avalanches. The second component of the procedure selects the avalanche paths that pose a potential hazard to the road under current environmental conditions and deduces an avalanche hazard index map. Based on this dynamically created hazard index map, the third module calculates the number of potentially affected persons on the road. A user interface facilitates the management of data input, the amplification of the rule base, the inference method and shows the results in the form of alphanumerical data and maps. The required methodological procedures used in this study are described in the following sections.
is illustrated. In deep blue, the avalanches are pointed out that in the obse reached once the Sulden road as wet snow avalanche. The lab official ID of the avalanche database. Source: Autonome Pro Südtirol/Lawinenwarndienst (2003). Coordinate system: UTM N32 ETRS89. 
Modelling the variable disposition for the release of wet snow avalanches
The release probability of dry snow avalanches in the longterm timeframe (for example in 30 years), is deduced from the recurrence interval of a certain amount of new snow in three days within the considered timeframe. It is assumed that the occurrence probability of the avalanche event equals the occurrence probability of the snowfall event (Wilhelm, 1997) . This approach has been adapted for the determination of the avalanche release probability in the short-term timeframe by Zischg et al. (2005) . In this approach, the avalanche occurrence probability in the short-term timeframe is determined on the basis of a statistical correlation to the fresh snow accumulation in three days. This simplified method is not adaptable for the purpose of modeling the release probability of wet snow avalanches, because there is not a single significant parameter for the triggering of wet snow avalanches such as it is the strain of a new snow layer to the older snow pack (McClung and Schaerer, 1993). The variable release disposition of wet snow avalanches depends on a combination of interdependent environmental parameters. Besides the loading by new precipitation (snow or rain), wet snow avalanches can be triggered by changes in strength of a buried weak layer due to water, or by water lubrication of a sliding surface (McClung and Schaerer, 1993) . The moisture penetration in a snow pack may be a result of snow melting due to solar radiation, due to latent heat transfer or a rainfall event. The increase of moisture in the snow pack results in a decline of the stability caused by a decrease of friction and cohesion. Frequently, wet slab avalanche events occur during rainfall periods in wintertime or during the first period of snow melting in spring (LaChapelle, 1977) . One indicator for a high disposition for wet snow avalanches is an isothermal snow pack on southern exposed hill slopes (Armstrong and Yves, 1976) . After the snow pack is becoming isothermal, the content of free water in the snow cover increases during the following days while the strength of the snow cover decreases. Isothermal conditions can be observed 10-15 days prior the first significant wet snow avalanche activity in spring (Armstrong and Yves, 1976) . The decreasing cohesiveness is reflected by decreasing ram hardness. After a period of isothermal conditions, during days with a mean daily air temperature above 0 • C an increased wet slab avalanche activity can be observed. On the basis of these indicators, days with an increased avalanche activity could be predicted. But the exact point in time, when an avalanche is triggered, can not be predicted on a regional level, due to the complex interaction between topographical, meteorological and nivological parameters (Armstrong and Yves, 1976) . The aim of this procedure was to model the variable disposition for wet snow avalanches during the winter on a regional scale. The procedure was developed based on the example of the Sulden road, but the spatial resolution of the release disposition is defined by the regional scale. In this paper, the term "wet snow avalanche" was used for wet slab avalanches, which are not triggered by the loading of new snow. Loose snow avalanches were not considered. The conditions leading to the triggering of large wet snow avalanches capable of reaching the road have been evaluated on the basis of measurements or observations of different environmental parameters. The limits of the determination of the wet snow avalanche release probability on the basis of a statistical correlation become clearly obvious due to the insufficient statistical basis. Moreover the computation method of the daily release probability is subject to significant uncertainties . A possibility for the simulation of the varying release disposition of an avalanche is the fuzzy logic approach. This allows statistically non-significant parameters as well as the preconditions of the system to be taken into consideration. Furthermore, quantitative and qualitative variables can be combined mathematically and the uncertainties in the data basis can be dealt with. While dealing with natural hazards, however, uncertainty is part of most approaches (Barbolini et al., 2002; Bell and Glade, 2004: Zischg et al., 2004) .
Uncertainty can be classified into three main types (Zimmermann, 1993): First, uncertainty is based on the lack of knowledge of the future state of a system. This type of uncertainty is subject to randomness (stochastic uncertainty). Second, uncertainty arises due the lack of information about the system behaviour (vagueness, ambiguity, fuzziness). Third, uncertainty is based on inexactness of measurements (impreciseness, fuzziness). Probability theory provides methods to compute the first nature of uncertainty related to randomness, while fuzzy logic provides mathematical methods to compute the second group of uncertainty (impreciseness). In comparison to the results of stochastic events, which can either be true or false; results of fuzzy events can be quantified by a degree of truth or a membership to a set (Zadeh, 1965) . Fuzzy logic is a way of combining quantitative and qualitative variables, which belong to a specific fuzzy set (Zadeh, 1975) . Elements can be a partially member of a specific set and at the same time have a partially membership of the complement set (Zadeh, 1965) . This kind of element representation leads to a possibility for dealing with vague information and imprecise input data. Integrated into an expert system, fuzzy logic provides an opportunity for the representation of imprecise and linguistic variables in the computing procedure and the representation of the expert knowledge within a fuzzy logic rule base.
The knowledge base in this procedure is based on the supra-regional expert knowledge accessible by the scientific literature and the knowledge about the specific regional properties of the system behaviour. The scientific background, summarized in the former section, is incorporated in a simplified way into the rule base as shown in Table 1 . Only variables for which a continuous dataset exists are represented in the rule base.
The supra-regional expert knowledge was adapted to the specific conditions and the available dataset describing the daily variability of the system behaviour. For the implementation of the adapted knowledge into the fuzzy logic rule base, observation data from the snow measurement station in Weissbrunn (1900 m a.s.l.), 20 km south-east of the study area, was used. Since December 1983, snow heights, the amount of new snow, the snow and air temperature, and the density of the snow pack according to the guidelines of the Interregional Association for Snow and Avalanches in Italy AINEVA were measured at this station (Autonome Provinz Bozen-Südtirol/Lawinenwarndienst 1983, 1997). The environmental parameters recorded from 1983 to 2000 were compared with the observed and documented avalanche events in the study area. For those avalanches that hit the road section, the temperature of the snow cover in a depth of 30 cm, the amount of precipitation (rain), the mean daily air temperature, the daily minimum of the air temperature, and the moisture in the snow cover, were analysed and classified into fuzzy sets. For every fuzzy set, the membership functions were determined on the basis of statistical analyses of a sample of the dataset (Zischg, 2004) . The membership functions of the variables taken into consideration in the computing process are illustrated in Fig. 2 . The moisture of the snow pack and the output variable "wet snow avalanche release disposition" were considered as linguistic IF "snow temperature" IS "warm" AND "mean air temperature" IS "warm" AND "minimum air temperature" IS "warm" AND "moisture" IS "yes" THEN "variable release disposition" IS "avalanches expected" 1 2 IF "snow temperature" IS "warm" AND "mean air temperature" IS "warm" AND "minimum air temperature" IS "cold" AND "moisture" IS "yes" THEN "variable release disposition" IS "avalanches expected" 1 3 IF "snow temperature" IS "warm" AND "mean air temperature" IS "cold" AND "minimum air temperature" IS "warm" AND "moisture" IS "yes" THEN "variable release disposition" IS "avalanches expected" 1 4 IF "snow temperature" IS "medium" AND ,,moisture" IS "yes" THEN "variable release disposition" IS "no avalanches expected" 1 5 IF "snow temperature" IS "cold" AND "moisture" IS "yes" THEN "variable release disposition" IS "no avalanches expected" 1 6 IF "moisture" IS "no" THEN "variable release disposition" IS "no avalanches expected" 1 7 IF "snow temperature" IS "warm" AND "mean air temperature" IS "warm" AND "minimum air temperature" IS "cold" AND ,,moisture" IS "yes" THEN "variable release disposition" IS "no avalanches expected" 0.8 8 IF "snow temperature" IS "warm" AND "mean air temperature" IS "cold" AND "minimum air temperature" IS "cold" AND "moisture" IS "yes" THEN "variable release disposition" IS "no avalanches expected" 0.8 9 IF "snow temperature" IS "medium" AND "mean air temperature" IS "warm" AND "minimum air temperature" IS "warm" AND "moisture" IS "yes" THEN "variable release disposition" IS "no avalanches expected" 1 10 IF "snow temperature" IS "cold" AND "mean air temperature" IS "warm" AND "minimum air temperature" IS "warm" AND "moisture" IS "yes" THEN "variable release disposition" IS "no avalanches expected" variables after Zadeh (1975) and described by a singleton. After Cox (1999) , the rules were weighted according to their importance by means of a degree of confidence into the rule within the range (0...1). This degree of confidence into the rule forms the maximally possible degree of applicability of a rule to a specific environmental condition. The quantitative variables of the input data had been fuzzyfied by means of the membership functions shown in Fig. 2 . Qualitative variables were directly entered into the system as linguistic variables. The inference procedure computed the input data forward-chained, applying the rules of the knowledge base to this data. To the given specifications, the inference engine looks for rules, which are suitable and applicable to the situation described by the input data. One inference step consists in the evaluation of a rule. Each condition in the IF-clause of a rule must be aggregated to the degree of applicability of the whole IF-clause (Zimmermann, 1993) . In the aggregation step of the inference procedure the logical ANDoperator was applied. This operator determines the minimum of the fuzzy membership degrees of all variables in the IFclause by using the minimum function. In the implication step of the inference procedure the MIN-operator was used. In this step, the membership degree of the output variable describing the conclusion of a rule was computed on the basis of the degree of applicability of the IF-clause (Bothe, 1993) . The upper limit of the membership degree of the conclusion term of the rule was given by the degree of confidence into the rule. If more rules with the same conclusion term were existent, the membership degrees of the conclusion terms of all applicable rules had been accumulated to one membership degree of the final conclusion (Zimmermann, 1993) . The implemented operator for the accumulation procedure of the inference engine was the maximum operator. The result of the inference procedure was the accumulated membership degree to each conclusion term of the variable "wet snow avalanche release disposition" in the rule base. For the rule base exemplarily illustrated in Table 1 , the result was the membership degree of the conclusion terms "avalanches expected" or "no avalanches expected". This value represents the membership of a specific day characterised by the related combination of environmental parameters to the fuzzy sets "days with expected wet snow avalanche activity" or "days with no avalanche activity expected". The membership degree of the fuzzy set "days with expected wet snow avalanche activity" can be equated to a degree of compatibility to the concept "wet snow avalanche release disposition".
Spatial interpolation of the release disposition for wet snow avalanches
In the second module of the procedure, avalanche paths that pose a potential hazard to the road under current environmental conditions were determined. First, the avalanche observation database was analysed and from all avalanche paths a subset of relevant avalanches was created. Those avalanches that reached the road as wet snow avalanche once during the observation period were selected. Furthermore, the topographic parameters of the starting zone of these avalanche paths were determined (see Table 2 ). Second, from this subset those days with avalanches that feature a high release disposition were determined. In this step, the result of the modelled disposition for the release of wet snow avalanches was spatially interpolated. In combination with the modelled release disposition, additional information in the avalanche bulletin describing the spatial characteristics of possible hazardous processes was used to determine avalanche paths for the road. During potentially hazardous situations, the avalanche bulletin gives information about the following topographical factors: The information about the spatial distribution of the height and the extent of the snow cover is differentiated by altitude and exposition. Information about the moisture penetration of the snow cover is distinguished between altitude levels and exposition classes (sunny or shady hillside situations). These topographic parameters were spatially interpolated based on GIS-operations. The parameter "exposition of the hill slope to the sun" was classified into two terms, either expressed as "sunny" or "shady hill slopes". The hillshade-function implemented in the GIS was used for the calculation and is based on the digital terrain model with a spatial resolution of 20 m. The parameters required for this calculation, the azimuth and the altitude, describe the position and altitude of the sun specified for the considered day and the time of day.
For every day, this procedure was repeated, using the position of the sun depending on the geographic location and the calendar day and the altitude of the sun on midday. The result of the hillshade-function is a raster grid with values in on sunny hillsides below 2800 m. Situation May 2 nd 2001. Coordinate system: UT ETRS89. 619000 621000 5153000 5155000 5153000 5155000 619000 621000 the range between 0 and 255. This raster grid was converted into two raster-based information layers using the membership function illustrated in Fig. 3 . For each starting zone of an avalanche path, the mean of the raster values was calculated (see Fig. 4 ). The mean of the raster values of the information layers "sunny hill slopes" or "shady hill slopes" was compared with the linguistic variable of the "hill slope position" in the avalanche bulletin. If the bulletin indicated a high release disposition of wet snow avalanches on "sunny hill slopes", a subset of avalanche starting zones exceeding a membership degree of 0.5 of the term "sunny hill slopes" was created. From this subset, those avalanches were selected, that met the conditions for the minimum of a snow height about 50 cm and the altitude level of the moisture penetration of the snow cover indicated by the avalanche bulletin. For these avalanche starting zones that fulfil the topographic requirements indicated in the avalanche bulletin, the release of an avalanche was assumed. The avalanche release disposition was quantified by the applied rule base for the term "avalanches expected". If no avalanches were selected due to topographic restrictions, the membership of the term "avalanches expected" was set to 0. If the avalanche bulletin indicated only a release disposition for hill slopes exposed to the sun, the release disposition is determined by the minimum of the membership value of the term "avalanches expected" and the maximum of the membership values of the term "sunny hill slope" of all selected avalanche starting zones. From the GIS-dataset of the avalanche paths, the geographic data of the potentially hazardous avalanche paths was selected and mapped out (see Fig. 5 ). It was assumed, that a) the selected avalanches trigger with the maximal exslight blue. Coordinate system: UTM N32 ET 619000 621000 5153000 5155000 5153000 5155000 619000 621000 tent of the release area as indicated in the avalanche observation database; b) the selected avalanches reach the road; and c) the avalanche cross the road with an average width as indicated in the avalanche observation database. This dynamically created hazard index map formed the basis for the calculation of the damage potential on the road. Input for the determination of the number of potentially affected persons is the mean width of the selected avalanche paths crossing the road.
Calculation of the variable damage potential on the road
To calculate the possible consequences of the hazard potential computed by the procedure described in the previous sections, the number of persons at risk was estimated on the basis of the dynamically created hazard index map and the traffic volume (WDT traffic density during weekends and reducing the mean value about 9% on weekdays.
To calculate the short-term variable number of persons at risk (dp), parameters such as the mean width of avalanches crossing the road (g), the average speed of cars (v), the mean number of passengers per car (β) and the probability of death in vehicles (λ) were defined using the method of Wilhelm (1997) . The calculated damage potential for every single avalanche path was subsequently summed up for the respective road section (Eq. 1). As a result, the total number of persons at risk for the observed period (day) for the whole road segment was obtained, as shown by Zischg et al. (2005) .
The results show the number of persons potentially affected by wet snow avalanches on the road due to the current environmental condition of the considered day. The membership degree of the term "avalanches expected" was interpreted as a possibility measure after Zadeh (1978) that describes the possibility of the occurrence of an event. This measure quantifies the possibility that the computed number of fatalities will occur.
Results
Based on the procedures described in the former sections and the parameters described in Table 3 , the temporal variability of the release disposition for wet snow avalanches and the damage potential was determined on the basis of the input parameters weekday (date), moisture penetration of the snow pack (moist. penetr.), minimum of the daily air temperature (TminC), the mean of the daily air temperature, snow height, temperature of the snow pack in a depth of 30 cm (TH-0.3C), the altitude level until the snow pack is considered as wet (moist. alt. level), and the hill slope position (hill slope pos.).
In Fig. 6 , the results of the inference for the estimation of the release disposition are shown. The values of the datasets describe the membership of the considered day, characterised by its parameter combination, to the set of days with (µ (av. exp.)) or with no avalanches expected (µ (no av. exp.)) in the period from 1 March 2001 to 3 May 2001. For this period, the necessary input data, the avalanche bulletins, documented avalanche events in the study area and documented closures of the Sulden road due to wet snow avalanche hazard were available. On the basis of the latter datasets, the computed result of the procedure could be verified. In Fig. 6 , a high temporal variability of the avalanche release disposition is demonstrated. The bold line shows the result of the rules for the term "avalanches expected" of the linguistic variable "release disposition for wet snow avalanches". The slight line shows the result of the rules for the term "no avalanches expected". The grey bars illustrate the computed number of persons at risk. The slight blue bars at the bottom of the figure point out the days when the road has been closed due to an elevated hazard level. On the days of the road closure, the procedure calculated a high release disposition (term "avalanches expected"). On these days, the calculated membership values for the term "no avalanches expected" were relatively low (<0.2). Thus, the difference between the concurrent rules representing the two terms was significant. The avalanche bulletin indicated an avalanche hazard level of 3 on 12 March and 4 on 13 March. On 12 March, an avalanche event in avalanche path no. 84052 occurred, but this avalanche path normally do not affect the Sulden road.
In the morning of 13 March, the road had been closed due to an avalanche event in avalanche path no. 84068. The road was re-opened after the artificial release of the starting zones that had not been triggered naturally. The procedure computed membership values of 1.0 (12 March) and 0.86 (13 March) to the term "avalanches expected" and a membership value of 0.2 to the term "no avalanches expected". Furthermore, a damage potential of 0.14 persons at risk was calculated on 13 March. From 23 to 25 March, a membership degree of 1.0 to the term "wet snow avalanches expected" and a membership degree between 0.0 and 0.1 to the term "no avalanches expected" were calculated. On these days, the avalanche bulletin indicated an avalanche hazard level of 3. The damage potential was quantified as a value up to 0.69 potentially affected persons. In the evening of 25 March, the road was closed due to an elevated hazard level. An avalanche in the avalanche path no. 84037 occurred and reached the Sulden River. In the avalanche path no. 84067, an avalanche occurred and stopped at a distance of 2 m from the road. Another elevated release disposition was computed from 30 April to 3 May. On 2 May, the avalanche bulletin predicted an avalanche hazard level of 4 at noon. On this day, avalanches in the avalanche paths no. 84044 and 84068 occurred. After the avalanche event in avalanche path no. 84068, the starting zones that had not been triggered, were released artificially. The road has been closed from 1 until 3 May. For these days, a damage potential of 0.7 potentially affected persons was calculated. A relatively high release disposition for wet snow avalanches (0.8 but not 1.0) was computed by the procedure on the days 7 March, 1 April, and 4-7 April. For these days, relatively high membership values to the term "no avalanches expected" (>0.3) were calculated. Thus, the difference between the concurrent rules representing the two terms was not significant. In this case, the result of the reasoning procedure reports a considerable ambiguity in the rule base. On 7 March, a small wet snow avalanche occurred in the Stelvio Valley, outside of the study area. On the other days, no avalanches occurred. On 25 April, the procedure computed a high release disposition (0.8), and a low membership value for the term "no avalanches expected".
During this day, no avalanches were observed. In this case, the release disposition was computed as relatively high, but due to the absence of a triggering event, no avalanches occurred.
Conclusions
The validation of the procedure using data from the winter season of 2000/2001 showed that the system behaviour of wet snow avalanches can be approximately modelled with the use of only ten rules and six considered variables of system parameters. The application of this rule base to the available data in the study area generated plausible results. The ex-post modelled membership degree of the conclusion term "wet snow avalanches expected" as well as the membership degree of the conclusion term "no wet snow avalanches expected" represented the system behaviour well. During situations when the road was closed, the procedure computed reliable results. For these situations, high membership values (>0.86) for the term "wet snow avalanches expected" and low membership values (<0.3) for the term "no wet snow avalanches expected" were computed by the procedure. In the validation period, no wet snow avalanches occurred when the system computed low membership values (≤0.84) for the term "wet snow avalanches expected". In addition to the days with observed avalanche events, a considerable difference between the membership degrees of both conclusion terms was computed during the first days in March 2001, and between 11 and 23 April 2001. On these days the membership degree of the conclusion term "wet snow avalanches expected" showed values of 0 and the membership degree of the conclusion term "no wet snow avalanches expected" showed values about 1.0 respective greater than 0.5 (see Table 3 ). On other days in the considered period, the membership degrees of both conclusion terms did not represent completely complements of each other. Neither for the conclusion term "wet snow avalanches expected" nor for the conclusion term "no wet snow avalanches expected" no explicit values of 1.0 or 0 were calculated. For these situations, the incorporated rule base did not calculate unambiguous model results and considerable uncertainties in the inference procedure were pointed out. In Fig. 6 , the advantages of the fuzzy set theory become obvious: A day with given environmental conditions can belong to the number of days with expected wet snow avalanches and simultaneously belong to the number of days without expected avalanches. Both statements are not contradictory because in the fuzzy set theory the mathematical axiom of the exclusive contradiction is not valid (Drösser, 1994) . If the difference between the computed membership degrees of the both conclusion terms is considerably high, the reliability of the computed results can be assessed as elevated. The larger the difference between the membership degrees of both conclusion terms of the rules base, the more accurate a decision on risk management can be made. Otherwise, if both conclusion terms show a similar membership degree, the reliability of the result can be interpreted as limited. On these situations a lack of knowledge about the system behaviour becomes obvious. For a better assessment of these environmental conditions, the expert's knowledge represented by the rule base has to be extended. The rule base implemented up until now only represents a simplified picture of the reality. However, assessing the time variable disposition for the release of wet snow avalanches by using the expert system approach rather than on the basis of empirically determined relationships between environmental parameters and avalanche releases as shown by Zischg et al. (2005) opens up new possibilities for modelling the system behaviour of complex non-linear processes. In the possibility of combining numeric and non-numeric data or observations, the benefits of the fuzzy set theory are highlighted. The determination of the uncertainties and the information about the reliability of the knowledge base applied to the current environmental conditions leads to a better evaluation of the computed results and the reliability of the model. Nevertheless, the triggering event of wet snow avalanches cannot be modelled by the presented approach.
Fuzzy logic based inference engines are robust (Zimmermann, 1993); they primarily react to changes in the knowledge base. The higher the number of rules and the considered variables the more meaningful is the conclusion result. Thus, in the design phase of building an expert system the focus has to be directed to the representation of the expert's knowledge. Furthermore, the applied implication and aggregation operators have significant influences on the results of the inference engine. The choice of these operators depends on the rule base and the number of variables considered in the reasoning process.
As presented in Fig. 6 , the variability of damage potential due to wet snow avalanches can be estimated based on the actual environmental conditions. The computed values showed a high short-term temporal variability. This seems consistent with findings presented by Zischg et al. (2005) and in the context of alpine settlements. The consideration of the temporal variability of the damage potential provide information for risk management and can thus improve the quality of decision making processes.
The input data used in the development of the procedure had been recorded at a distance of 20 km from the study area. Although this source of impreciseness was considered by the use of fuzzy variables, the results of the expert systems probably could be more specified and accurate using input data from a weather and snow measurement station located in the study area. The procedure was developed using only a few environmental parameters. Further research is needed particularly regarding the implementation of other parameters for the determination of the release disposition for wet snow avalanches and regarding the extension of the rule base. The consideration of more parameters is possible adding more rules and parameters in the knowledge base of the expert system. The software for the inference engine must not be adapted in the case of an extension of the knowledge base. The described method could be enhanced by including additional components such as models for a computer-aided assessment of snow pack stability (e.g. Lehning et al., 1999) , or numerical avalanche forecasting (e.g. Brabec, 2001 ). Nevertheless, the approach may demonstrate the potential for the application of expert systems and fuzzy logic in the field of natural hazard monitoring and risk management.
